Disassembly of alphavirus cores early in infection involves interaction of the core with 60S ribosomal subunits. This interaction might be subjected to regulatory processes. We have established an in vitro system of core disassembly in order to identify cellular proteins involved in the regulation of disassembly. No evidence for the existence of such proteins was found, but it became apparent that certain organic solvents and detergents or a high proton concentration (pH 6n0) stimulated core disassembly. Alphaviruses infect cells by an endosomal pathway. The low pH in the endosome activates a fusion activity of the viral surface protein E1 and leads to fusion of the viral membrane with the endosomal membrane, followed by release of the core into the cytoplasm. Since the presence of the E1 protein in the plasma membrane of infected cells leads to increased membrane permeability at low pH, our findings indicate that disassembly of alphavirus cores could be regulated by the proton concentration. We propose that the viral membrane proteins present in the endosomal membrane after fusion form a pore, which allows the flow of protons from the endosome into the cytoplasm. This process would generate a region of low pH in the cytoplasm at the correct time and place to allow the efficient disassembly of the incoming viral core by 60S subunits.
Introduction
Alphaviruses are enveloped positive-strand RNA viruses, which constitute a genus in the Togaviridae family (van Regenmortel et al., 2000) . The structure and replication of alphaviruses have been recently reviewed (Strauss & Strauss, 1994 ; Schlesinger & Schlesinger, 2001) . The core of alphaviruses consists of the viral genome and 240 molecules of the viral core protein, which are organized into a T l 4 icosahedral complex of about 40 nm in diameter (Choi et al., 1991 ; Paredes et al., 1992) . The core accumulates in large amounts in the cytoplasm of infected cells. Mature virus is formed by a budding process in which the cytoplasmic core is enveloped by a modified cellular membrane containing the viral spike proteins (see Simons & Garoff, 1980 , for a review). Alphaviruses infect cells by an endosomal pathway (see Marsh & Helenius, 1989 , for a review). At pH 5n8, a reorganization of the spike proteins in the endosome leads to fusion of the viral Author for correspondence : Gerd Wengler.
Fax j49 641 23960. e-mail gerd.wengler!gmx.de and endosomal membranes, followed by exposure of the core to the cytoplasm (Wahlberg et al., 1992 ; Bron et al., 1993 ; Justmann et al., 1993) . This description leads to the question of how alphavirus cores are disassembled early in infection. Alphavirus core protein associates with the large ribosomal subunit during synthesis prior to incorporation into viral cores (Ulmanen et al., 1976 and purified core protein binds to the large ribosomal subunit in vitro . Exogeneously added cores are disassembled in vitro in cell lysates with a concomitant transfer of core protein to the large ribosomal subunit (Wengler et al., 1992) , and a similar transfer of viral core protein to 60S ribosomal subunits has been detected in vivo Singh & Helenius, 1992) . These data have led us to propose that alphavirus cores are unstable in the presence of ribosomes early in infection, because a ribosome binding site is exposed on the core surface, leading to an interaction of the cores with ribosomes, followed by transfer of core protein to ribosomes, whereas during virus multiplication, newly synthesized core protein binds to ribosomes and inactivates their ability to disassemble cores (Wengler, 1987) .
However, experiments showing that the saturation of ribosomes with core protein during alphavirus replication cannot represent the sole mechanism of regulation of core disassembly have been reported (Singh et al., 1997) . BHK cells were infected with a recombinant Semliki Forest (SF) virus, which did not contain the coding region for the viral structural proteins, followed 6 h later by superinfection with [$&S]methionine-labelled SF virus. Radioactively labelled cores were detected in the cytoplasm of these cells without disassembly. These results might be explained by the assumption that cellular factors are involved in the reaction between the incoming viral core and ribosomes, and that these factors are inactivated during infection. We have therefore made an attempt to identify such factors. We have established in vitro systems in which the interaction of the cores of the alphaviruses Sindbis (SIN) virus and SF virus with ribosomes have been analysed in a systematic manner. We found no evidence for the involvement of cellular proteins in the regulation of disassembly. On the other hand, the data obtained indicated that in the presence of appropriate solvents or detergents, or at low pH, the SIN virus core rapidly disassembled by interaction with the 60S ribosomal subunit. These experiments and their possible implications for the regulation of disassembly of alphavirus cores are described.
Methods
Preparation of viral cores. Cores of SIN or SF virus were isolated from virus labelled with [$&S]methionine and [$&S]cysteine and purified as described by Boege et al. (1980) . For the isolation of cores, virus was suspended in TN buffer (20 mM triethanolamine, pH 7n4, 100 mM NaCl) and incubated in the presence of 1 % NP-40 at 20 mC for 10 min, followed by centrifugation at 4 mC on 5-20 % (w\v) sucrose density gradients in TN buffer for 25 min at 55 000 r.p.m. in an SW55 Beckman rotor. The distribution of radioactivity and optical density was determined, and fractions containing cores were identified. These fractions were stored on ice and the cores were used within 48 h.
Preparation of the S30 supernatant and cytoplasmic proteins. One vol. of packed BHK-21 cells was suspended in 1n5 vols of RSB buffer (10 mM Tris-HCl, pH 7n4, 10 mM NaCl, 1 mM MgCl # ) on ice. After incubation for 5 min at 0 mC, glass beads (0n3 mm diameter) were added and the cells were disrupted by vortexing. The homogenate was subjected to centrifugation for 10 min at 20 000 r.p.m. in an SS34 Sorvall rotor at 4 mC. The S30 supernatant obtained was stored in aliquots at k160 mC. Cytoplasmic proteins were isolated from the S30 supernatant after removal of the ribosomes by centrifugation. Aliquots of the resulting S100 material were subjected to ammonium sulphate precipitation by addition of 100 % ammonium sulphate to 40, 60 or 80 % saturation. After incubation for 2 h at 0 mC, the precipitated protein was recovered by centrifugation for 20 min at 125 000 g, dialysed into TN buffer and stored in aliquots at k160 mC.
Preparation of ribosomal subunits and rRNA. For preparation of ribosomal subunits, the S30 supernatant was adjusted to 2 mM EDTA, pH 7n4, and subjected to gradient centrifugation using the conditions described above for the preparation of cores. Typically, cores and ribosomal subunits for each experiment were prepared in parallel in the same centrifugation. Ribosomal subunits were localized from the optical density profile of the gradient, stored on ice and used within the next 48 h. Ribosomal RNA was purified from a ribosome pellet by phenol extraction, followed by sucrose density-gradient centrifugation. Gradients used for the preparation of cores and ribosomes were also used for the fractionation of 28S and 18S rRNA, but the time of centrifugation was extended to 4 h.
Preparation of protein synthesis initiation factors. Initiation factors for protein synthesis were prepared by extraction of ribosomes with 500 mM KCl, as described by Barton et al. (1996) .
The minimal disassembly reaction and its use to analyse the effect of solvents or detergents. In a typical minimal disassembly reaction, 10 µl of $&S-labelled viral cores, 90 µl of ribosomal subunits and 100 µl of BSA (10 mg\ml) in 300 mM NaCl, 20 mM triethanolamine, pH 7n4, were prepared at 0 mC. The final reaction contained 20 mM triethanolamine, pH 7n4, 200 mM NaCl, 5 mg\ml BSA and approximately 5 % sucrose. No detectable disassembly occurred under these conditions at 0 mC. Core disassembly was performed by incubation at 30 mC. The reaction was stopped by the addition of 1 vol. of 10 mM Tris-HCl, pH 8n1, 2 mM EDTA, on ice. The reaction volume was loaded on to a 15-40 % (w\v) sucrose density gradient in TN buffer and subjected to centrifugation for 80 min at 55 000 r.p.m. at 4 mC in an SW55 Beckman rotor, followed by analysis of the optical density and radioactivity profile. In experiments in which the increase in the reaction volume inherent in this procedure was undesirable, the same salt conditions were obtained in a volume of 100 µl by assembling 10 µl of cores, 80 µl of ribosomal subunits, 5 µl of 2 M NaCl and 5 µl of BSA (100 mg\ml). For analysis of the effect of solvents or detergents, 80 µl of ribosomal subunits, 10 µl of viral cores and 100 µl of BSA (10 mg\ml) in 300 mM NaCl, 20 mM triethanolamine, pH 7n4, were mixed on ice. Ten µl of solvent, or 10 µl of a solution of 10 % (w\v) detergent in water, or 10 µl of water as a control, were added at 0 mC, and the reactions were incubated and analysed as described above.
Analysis of the effect of proteins on the minimal disassembly reaction. Reactions were carried out as follows : 76 µl of ribosomal subunits, 10 µl of cores, 5 µl of 2 M NaCl, 1 µl of 100 mM ATP, 1 µl of 100 mM GTP, 2 µl of 100 mM MgCl # and 5 µl of the protein concentrate to be analysed were prepared at 0 mC. The control reaction contained 5 µl of BSA (10 mg\ml) in the buffer used for the protein concentrate. Reactions were analysed as described above.
Analysis of the effect of pH on the minimal disassembly reaction. A standard minimal reaction containing 1 mM triethanolamine, pH 7n4, instead of 20 mM, was assembled. To this end, ribosomes and cores were isolated from sucrose gradients containing 100 mM NaCl and 1 mM triethanolamine, pH 7n4. The reactions were then carried out as described above : 10 µl of $&S-labelled cores in approximately 10 % sucrose in 100 mM NaCl, 1 mM triethanolamine, pH 7n4, and 80 µl of ribosomes in the same buffer were mixed at 0 mC and 5 µl of 2 M NaCl and 5 µl of BSA (100 mg\ml) in water were added to obtain concentrations of 200 mM NaCl and 5 mg\ml BSA. The pH was modified by the addition of 4 µl of 500 mM MES pHs of 5n8, 6n0, 6n2, 6n4, 6n6, 6n8 or 7n0. The final pH of the reaction did not differ significantly from the pH of the MES buffer. The reaction was incubated at 25 mC and stopped by addition of 300 µl of 80 mM Tris-HCl, pH 8n1, 1 mM EDTA, at 0 mC. The reaction products were analysed as described for the minimal reaction performed at neutral pH.
Results

Disassembly of cores in the minimal reaction
Disassembly of alphavirus cores occurs in vitro in a system containing cores and purified 60S ribosomal subunits in the CEBI Disassembly of Sindbis virus cores at low pH Disassembly of Sindbis virus cores at low pH Fig. 1 . Disassembly of cores in the minimal reaction. The standard minimal reaction containing 35 S-labelled SIN virus cores and 60S ribosomal subunits was prepared at 0 mC and incubated at 30 mC, followed by analysis of the reaction products by sucrose-density-gradient centrifugation (see Methods). The optical density profile of the gradients allowed localization of the ribosomal subunits, and the radioactivity profile allowed localization of the 35 S-labelled core protein, as shown. The bottom of the gradient is to the left. The positions of the 150S intact viral core and of the 60S and 40S ribosomal subunits are indicated in (A). The products generated in a standard minimal reaction, incubated at 0 mC for 30 min or at 30 mC for 6, 12 and 24 min are presented in (A)-(D), respectively. The products generated from a minimal reaction incubated for 12 min at 37 mC and from a control reaction without 60S ribosomal subunits incubated at 37 mC for 24 min are presented in (E) and (F), respectively. The products generated during a 12 min incubation at 30 mC in a modified minimal reaction containing either an increased NaCl concentration of 300 mM, or MgCl 2 (2 mM) and ATP (1 mM) as additional components, are presented in (G) and (H), respectively.
absence of additional components (Wengler et al., 1996) . We decided to analyse this system, which we called the minimal reaction system, in order to evaluate a possible stimulating activity of cellular molecules. In the minimal reaction system chosen, [$&S]methionine-labelled cores and 60S ribosomal subunits were incubated together as described in Methods, and the reaction products were analysed by gradient centrifugation. Some of these analyses are presented in Fig. 1 . It can be seen that at 0 mC no disassembly of cores occurred (Fig. 1A ), whereas at 30 mC (Fig. 1B-D) after 24 min incubation, about one-third of the cores had disassembled. Increasing the temperature to 37 mC (Fig. 1E ) or the salt concentration to 300 mM NaCl (Fig. 1G ) greatly accelerated the reaction. Addition of MgCl # (2 mM) and ATP (1 mM) led to a small stimulation of the reaction (Fig. 1H ). In many of the assays for a possible stimulating activity of cellular proteins, MgCl # and nucleoside triphosphates had to be present. An important control ( Fig. 1F) showed that in the absence of 60S ribosomal subunits the cores were stable in the minimal reaction for 24 min, even at 37 mC.
Kinetic analysis of core disassembly in the minimal reaction allowed determination of the influence of the concentration of 60S ribosomal subunits or cores on the rate of disassembly. In the assays presented in Fig. 1 , 20 µg of 28S RNA were present in each reaction as acceptor, as part of the 60S subunit. It can be seen that the sensitivity of the gradient analysis allowed analysis of reactions containing between 4 µg and 80 µg of RNA in subunits and a similar 20-fold variation in the concentration of radioactively labelled cores. These experiments showed that the rate of disassembly varied linearly with the concentration of both the 60S ribosomal subunits and the cores (data not shown). The disassembly of cores in the minimal reaction is therefore a first-order reaction for both the ribosomal subunits and the cores.
The rRNA is exposed extensively on the surface of the ribosomal subunits (Ban et al., 2000) . We therefore analysed the CEBJ G. Wengler and G. Wengler G. Wengler and G. Wengler Fig. 2 . Disassembly of SIN virus cores in a minimal reaction containing rRNA as acceptor. Minimal reactions containing RNA instead of ribosomes were prepared at 0 mC (see Methods). The reactions were incubated at 30 mC and the reaction products analysed by sucrose-density-gradient centrifugation, as shown. The products generated in reactions containing 28S rRNA as acceptor after incubation at 0 mC for 24 min or at 30 mC for 12 min or 24 min are shown in (A)-(C), respectively. In these analyses 10-45 % (w/v) sucrose density gradients were centrifuged for 2 h at 50 000 r.p.m. in an SW55 Beckman rotor. The positions of the 150S intact viral core and the 28S rRNA are indicated in (A). The products generated in a reaction containing both 28S and 18S rRNA as acceptor after incubation at 30 mC for 24 min are presented in (D) . In this analysis the 10-45 % sucrose density gradient was centrifuged for 4 h at 50 000 r.p.m. in order to allow separation of the two RNA molecules. Intact cores were centrifuged into the pellet under these conditions. ability of 28S and 18S rRNA to disassemble cores in the minimal reaction. Some of the data are presented in Fig. 2 . The results can be compared directly with those presented in Fig. 1 , because the experiments were performed in parallel using the same core preparation and identical reaction conditions. At 0 mC, no disassembly was observed ( Fig. 2A) , whereas at 30 mC, the cores disassembled with a concomitant transfer of core protein to RNA (Fig. 2B, C) . A comparison of the data with the corresponding results obtained from the reaction containing ribosomal subunits (Fig. 1A, C, D) showed that no significant difference existed between the 60S subunits and the 28S rRNA in their ability to disassemble the cores. A reaction containing both 28S and 18S rRNA was analysed in the gradient shown in Fig. 2(D) . It can be seen that the core protein associated preferentially with the 28S rRNA, but that the 18S rRNA also bound some core protein molecules. SIN virus cores were used in the experiments presented above, but similar results were obtained with SF virus cores (data not shown).
Analysis of a possible role of cytoplasmic factors in the disassembly of cores
In order to identify cytoplasmic factors that might stimulate the disassembly of cores, a small volume of concentrated cellular proteins was included in the minimal reaction. The following three protein preparations were used : (i) initiation factors of protein synthesis ; (ii) casein kinase II, since the core protein of alphaviruses contains a predicted conserved phosphorylation site for casein kinase II ; and (iii) a post-ribosomal supernatant derived from BHK-21 cells, which was subjected to a series of ammonium sulphate precipitations ; the precipitated proteins were dialysed into the reaction buffer of the minimal reaction. The preparation of these proteins and the methods used to assess their influence on the disassembly are described in Methods. None of these protein preparations had an effect on core disassembly (data not shown).
As a next step in the search for proteins that stimulate core disassembly, we analysed more complex in vitro systems. A comparison of the core disassembly in a system containing a complete post-mitochondrial BHK-21 S30 fraction and the corresponding minimal system is shown in Fig. 3 . Cores were added either to the S30 fraction containing ribosomes and the cellular cytoplasmic proteins prepared in 10 mM NaCl, 10 mM Tris-HCl, pH 7n4, 1 mM MgCl #, or to purified 60S ribosomal subunits in the same buffer. Both samples were adjusted to the final reaction conditions as described in Fig. 3 . It should be noted that the disassembly activity of this modified minimal reaction system (Fig. 3A-C) did not differ significantly from the standard minimal system (Fig. 1, B-D) . The data presented in Fig. 3 show that the S30-containing system (Fig. 3Ah-Ch) was slightly more active in the disassembly than the reaction containing purified subunits (Fig. 3A-C) . The small increase in activity might result either from a biochemical process or from a physico-chemical difference between the two systems. Besides the cytoplasmic proteins, the S30 fraction contains, for example, tRNA molecules, which might influence core disassembly. To analyse this question, we pretreated the S30 fraction with either trypsin or the SH-group reagent Nethylmaleimide and compared the in vitro disassembly of cores in reactions containing pretreated and untreated S30 fractions. The same rate of disassembly that was detected in Fig.  3 (Ah-Ch) was found, whether the S30 fraction was pretreated CECA Disassembly of Sindbis virus cores at low pH Disassembly of Sindbis virus cores at low pH Fig. 3 . Comparison of core disassembly in a minimal reaction and a reaction containing a complete S30 fraction. A post-mitochondrial S30 fraction was prepared from BHK-21 cells by mechanical lysis and centrifugation (see Methods). For each reaction containing a complete S30 fraction, 10 µl of 35 S-labelled SIN virus cores in TN buffer and 70 µl of S30 supernatant in 10 mM NaCl, 10 mM Tris-HCl, pH 7n4, and 1 mM MgCl 2 were mixed on ice, and a final concentration of 200 mM NaCl, 10 mM Tris-HCl, pH 7n4, 1 mM triethanolamine, 2 mM ATP, 2 mM GTP and 5 mM MgCl 2 in a reaction volume of 100 µl was established. The corresponding minimal reaction was assembled in the same way but contained 70 µl purified ribosomal subunits instead of 70 µl S30. In this experiment, ribosomal subunits were purified by gradient centrifugation in the buffer used to prepare the S30 fraction (10 mM Tris-HCl, pH 7n4, 10 mM NaCl, 1 mM MgCl 2 ) and both ribosomal subunits were included in the minimal reaction. Sucrose-density-gradient analyses were performed as described in Fig. 1 or not (data not shown). These results were obtained using both SIN virus-and SF virus-derived cores (data not shown). The use of the S30 material therefore also gave no evidence for a cellular protein that might be involved in the regulation of core disassembly.
Analysis of the influence of organic solvents, detergents and low pH on the disassembly of cores
In the experiments described above, S30 proteins were digested by protease. In some of these experiments, protease inhibitors solubilized in DMSO were used. The results obtained indicated that DMSO might stimulate the disassembly. We therefore analysed the effect of DMSO at 5 % (v\v) concentration in the minimal reaction on the disassembly of SIN cores. The results showed that the presence of DMSO greatly stimulated the core disassembly. In the absence of 60S ribosomal subunits, the cores were stable in the presence of DMSO (Fig. 4A , Ah, B, Bh). Similar data were obtained in reactions containing 5 % (v\v) acetonitrile (data not shown). The S30 fraction used in the experiment reported in Fig. 3 was prepared from mechanically disrupted cells. Similar experiments were also performed using cytoplasmic proteins extracted in the presence of octylglucoside. In these analyses, the octylglucoside-extracted material was highly active in core disassembly. These findings led us to analyse the effect of detergents on disassembly in the minimal reaction. SIN cores were used in these analyses and all detergents were present at 0n5 % final concentration. Representative analyses are shown in Fig. 4 . It can be seen that NP-40 had no significant influence on the reaction (Fig. 4C ) but that octylglucoside greatly stimulated core disassembly (Fig. 4D) . Neither detergent dissociated the cores in the absence of 60S ribosomes (Fig. 4Ch, Dh) . The results of our analyses can be summarized as follows : the non-ionic detergents NP-40, Triton X-100 and reduced Triton X-100 had no significant influence on the core disassembly in the minimal reaction, whereas the non-ionic detergents hexylglucoside, octylglucoside, decylglucoside, octylmaltoside and dodecylmaltoside greatly stimulated disassembly. These detergents left the sedimentation behaviour of the core unaltered during a disassembly reaction in the absence of ribosomes. The effect of the zwitterionic sulfobetaine detergents depended on the length of the hydrophobic chain of the detergent : sulfobetaine 3-8 only slightly stimulated the reaction, whereas the sulfobetaines 3-10, 3-12 and 3-14 led to rapid disassembly in the standard assay (data not shown). In contrast to the non-ionic detergents, an effect of sulfobetaines 3-12 and 3-14 on the cores in the control reaction in the absence of ribosomes could be seen : the cores aggregated in the presence of 0n5% sulfobetaine 3-12 and were converted into a slowly sedimenting structure in the presence of 0n5 % sulfobetaine 3-14 (data not shown).
The data reported above show that the presence of DMSO, acetonitrile and a number of detergents greatly stimulated the disassembly of SIN cores in the minimal reaction but had no CECB G. Wengler and G. Wengler G. Wengler and G. Wengler Fig. 4 . Influence of solvents or detergents on core disassembly in the minimal reaction. The disassembly of 35 S-labelled SIN virus cores was analysed in a minimal reaction containing solvents at 5 % (v/v) concentration or detergents at 0n5% concentration. Reactions were assembled as described in Methods. All reactions were performed in parallel in the presence and absence of ribosomes. Purified 60S and 40S ribosomal subunits were included in the minimal reaction in order to identify a possible transfer of core protein to the small subunit. The reaction products were analysed by sucrose gradient centrifugation. The products generated during incubation at 30 mC for 15 min in the control reaction, which contained no solvent or detergent, are shown for the complete reaction and the reaction without ribosomes in (A) and (Ah), respectively. The products generated in the presence of 5 % DMSO in a complete reaction and in a reaction without ribosomes are presented in (B) and (Bh), respectively. The corresponding analyses of the reactions containing 0n5 % NP-40 are shown in (C) and (Ch), respectively, and the corresponding analyses of reactions containing 0n5 % octylglucoside (OG) are shown in (D) and (Dh), respectively. detectable effects on the cores in the control reaction in the absence of ribosomes. These data lead to the question of whether the cores, isolated by gradient centrifugation from the control reactions, were functionally modified by the incubation. The cores might have the same reactivity in the minimal reaction as the untreated cores, they might be activated and rapidly dissociated even in the absence of the stimulating molecule, or they might be converted into an inactive conformation that is no longer susceptible to the stimulating activity of the organic solvent or detergent used in their preparation. The results of experiments analysing this question are shown in Fig. 5 . It can be seen that cores pretreated with NP-40 were not functionally modified : the NP-40-treated cores could not be activated by NP-40. This was to be expected since NP-40 does not stimulate the disassembly. This reaction can be regarded as a control reaction showing that the experiment does not lead to a non-specific activation of cores. The data presented in Fig. 5 showed that the octylglucosidetreated cores were not stably altered either structurally or functionally : they were not converted into a reactive conformation since they were not disassembled in the standard minimal reaction in the absence of detergent (Fig. 5B ) but they remained sensitive to stimulation by octylglucoside (Fig. 5Bh) . The detergents Zwittergent 3-10 and dodecylmaltoside, which had a strong stimulating activity in the minimal reaction, had the same properties in these reactions (data not shown). The data in Fig. 5 also showed that DMSO had a different effect : the DMSO-treated cores were not significantly disassembled, either in the standard minimal reaction (Fig. 5C ) or in the presence of DMSO (Fig. 5Ch) . DMSO treatment therefore converts the SIN core into a stable inactive conformation, which cannot be activated for disassembly by DMSO. In none of these experiments was an activated core isolated that reacted rapidly in the minimal reaction in the absence of organic solvent or detergent.
The results reported above indicate that non-enzymatic processes might be involved in the regulation of core disassembly. In this situation, the finding that the presence of CECC Disassembly of Sindbis virus cores at low pH Disassembly of Sindbis virus cores at low pH Fig. 5 . Analyses of the reactivity of cores pretreated with solvents or detergents. Pretreatment of cores was performed as follows : cores were subjected to a standard minimal reaction in the absence of ribosomes at 30 mC for 12 min in the presence of the solvent or detergent being analysed (see Methods). The cores were then isolated by sucrose-densitygradient centrifugation as shown in Fig. 4 (Bh-Dh). These cores were used in two parallel minimal reactions containing ribosomal subunits either with or without solvent or detergent. Gradient analyses of the reaction products generated in these two parallel reactions after 12 min incubation at 30 mC are presented. Products generated when NP-40-pretreated cores were disassembled in reactions containing no NP-40 or 0n5 % NP-40 are shown in (A) and (Ah), respectively. Products generated when octylglucosidepretreated cores were disassembled in reactions containing no octylglucoside or 0n5 % octylglucoside are shown in (B) and (Bh), respectively. Products generated when DMSO-pretreated cores were disassembled in reactions containing no DMSO or 5 % DMSO are shown in (C) and (Ch), respectively. viral structural proteins in the membrane of alphavirus-infected cells leads to a great increase in membrane permeability at low pH (Lanzrein et al., 1993) prompted us to analyse conditions in which a low pH was present during the reaction between cores and 60S subunits. The results of a representative experiment are presented in Fig. 6 . It can be seen that a small stimulation was observed at pH 6n4, and that at pH 6n2 the disassembly was strongly stimulated. Cores were stable in all of these reactions in the absence of 60S ribosomes : the analyses of these control reactions incubated at pH 7n0 and pH 6n0 are shown in Fig. 6(G and H) of the figure. As discussed above, these data lead to the question of whether the SIN virus cores, treated at pH 6n0 in the absence of 60S ribosomes, have an altered reactivity. Such cores can be recovered by density gradient centrifugation (Fig. 6H) . The results of these analyses show that these cores have the same reactivity as the authentic viral cores that were analysed in the experiment presented in Fig. 6 (data not shown) . These experiments showed that the low pH treatment had no detectable permanent effect on the structure or reactivity of the cores. The data indicate that, in order to stimulate core disassembly, the low pH has to be present during the reaction between cores and 60S ribosomes.
The influence of DMSO, octylglucoside, NP-40 and low pH on the disassembly of SIN cores was also analysed using an in vitro system containing a complete rabbit reticulocyte S30 extract instead of purified 60S subunits. In this complete system, which comes much closer to a physiological situation, the same effects were observed that were described above for the minimal reaction system : DMSO, octylgucoside and low pH greatly stimulated core disassembly, whereas NP-40 had no effect (data not shown).
The experiments reported in Figs 4, 5 and 6 contained SIN virus cores. SF virus cores behaved differently in reactions containing organic solvents and detergents, or at low pH. The differences will be discussed in the following section.
Discussion
In a search for cellular factors involved in core disassembly, the minimal reaction was used to assay three protein preparations : protein synthesis initiation factors, casein kinase II and soluble cytoplasmic proteins. The alphavirus genome is translated as mRNA and the viral core does not contain a completely closed protein shell. Initiation factors of protein synthesis therefore might bind to the genome packed in the core, and this interaction might stimulate disassembly. Protein phosphorylation is used extensively in the regulation of cellular processes. Therefore the Prosite program (Hofmann et al., 1999) was used to identify possible conserved phosphorylation sites in the core protein of SIN and SF viruses. A casein kinase II acceptor site, present in both proteins, comprising the sequence S (160) AYD in the SIN virus core protein was identified. The effect of proteins precipitated with ammonium sulphate from an S100 fraction of BHK cells on core disassembly was also analysed. None of these protein preparations had a detectable effect on core disassembly ; none of the reactions was significantly different from the minimal CECD G. Wengler and G. Wengler G. Wengler and G. Wengler Fig. 6 . Influence of low pH on core disassembly in a minimal reaction. A minimal reaction containing 35 S-labelled SIN virus cores was adjusted to low pH values by addition of appropriate MES buffer, incubated at 25 mC for 10 min and terminated by neutralization at 0 mC as described in Methods. Purified 60S and 40S ribosomal subunits were included in the minimal reaction in order to identify a possible transfer of core protein to the small subunit. Gradient analyses of the reaction products were performed as described in Fig. 1 . The products generated in reactions adjusted to pHs of 7n0, 6n8, 6n6, 6n4, 6n2 and 6n0 are presented in (A)-(F), respectively. The products generated in reactions at pH 7n0 and at pH 6n0 containing no ribosomes are presented in (G) and (H), respectively. reaction in the presence of ATP and Mg# + (Fig. 1H and data not shown). A further search for the existence of cellular factors involved in core disassembly was performed by using a complete post-mitochondrial S30 fraction in the in vitro analyses. Core disassembly was found to be slightly faster in the reaction containing the S30 fraction than in the control reaction containing purified 60S subunits (Fig. 3) . This finding might be explained either by the presence in the S30 of cellular factors involved in disassembly or by the fact that the physicochemical properties in the two reactions are different : the S30 fraction, for example, also contains tRNA molecules, which might have an activity in core disassembly. Further experiments were performed in which the activity of two in vitro disassembly reactions containing either untreated S30 or S30 digested with trypsin were compared. The difference between these reactions is restricted to the protein component. This experiment is possible because the 28S rRNA, which is not destroyed by protease-treatment, is the active part of the ribosome in core disassembly. Trypsin treatment did not reduce the activity of the S30 fraction and similar results were obtained using an S30 fraction treated with the SH-groupspecific reagent N-ethylmaleimide. These experiments were also performed using rabbit reticulocyte S30 and similar results were obtained (data not shown). SIN virus cores were used in the experiments presented above, but many of these experiments were performed in parallel with SF virus cores and principally the same results were obtained (data not shown). In these experiments, therefore, no evidence could be found for the involvement of cellular factors in the disassembly of alphavirus cores.
From the outset, we used cores derived from both SF and SIN viruses. The evolutionary distance between these viruses is rather large (Powers et al., 2001) . Our assumption that in the in vitro systems the stability and\or reactivity of the cores might be different, and that therefore the chances of detecting a stimulating activity might be better if both cores were used, were confirmed in our experiments. In the minimal disassembly reaction and in the search for stimulating proteins, no significant difference was observed between SF and SIN virus cores. The effect of organic solvents, detergents and low pH on the disassembly of SF virus cores was, however, very different from the corresponding effects on SIN virus cores described in Figs 4, 5 and 6. The effect of DMSO, NP-40, octylglucoside and Zwittergent 3-12 on the disassembly of SF cores in the minimal reaction was analysed. None of these molecules had a stimulating effect (data not shown). The effect of low pH on the disassembly of SF cores was analysed, as shown for SIN virus cores in Fig. 6 . No stimulation was detected, and the decrease in pH led to increasing aggregation of the SF cores in control reactions in the absence of ribosomes (data not shown). These data are in accordance with earlier findings that purified cores of SF and SIN virus react quite differently if exposed to ribonuclease, EDTA or low pH (So$ derlund et al., 1972 .
That the stimulating effects on core disassembly were observed in the minimal reaction indicated that they represented direct effects on the disassembly. The finding that the stimulating effects were also observed in a reticulocyte S30 lysate system showed that they were not an artefact of the conditions present in the minimal reaction system. The experiments reported above may therefore be used as a starting point for in vitro analysis of the mechanism of core disassembly. In this context, the following points are of importance : (i) In the minimal disassembly reaction, core protein can also be transferred to 18S rRNA (Fig. 2) or to the small ribosomal subunit (Fig. 3) . Furthermore, in a minimal disassembly reaction that contains only purified 18S rRNA as acceptor, the cores are disassembled with a concomitant transfer of core protein to the 18S rRNA (data not shown). (ii) The rate of core disassembly in the minimal reaction is linearly dependent on the concentration of cores and 60S ribosomal subunits. (iii) Treatment of SIN virus cores with activating agents in the absence of 60S subunits does not generate a stable reactive conformation of cores. These data indicate that interactions of viral cores and an RNA molecule, which is not necessarily 28S rRNA, can generate a complex that is the target for the activating molecule : the presence of this molecule favours transfer of core protein on to the RNA within this complex, whereas the dissociation of the complex into the reactants is favoured in the absence of the activating molecule. Further analysis of the role of solvents, detergents and a low pH on the disassembly of SIN virus cores in the minimal reaction will probably allow characterization of the processes involved in the disassembly of alphavirus cores in more detail.
What are the implications of our findings that the disassembly of SIN virus cores is stimulated by detergents, organic solvents and low pH on our attempt to identify a mechanism that might regulate the disassembly of cores by 60S subunits? The most direct interpretation is that these conditions are all non-physiological, and that therefore these data cannot be used to identify such a mechanism. The finding that the disassembly of SF virus cores is not stimulated in vitro would be in line with this interpretation. On the other hand, it is possible that the stimulation of disassembly of SIN virus cores by low pH detected above also occurs in vivo. In a series of publications, Kempf and co-workers have shown that the accumulation of alphavirus structural proteins in cellular membranes alters their permeability at low pH (see Lanzrein et al., 1993 ; Nyfeler et al., 2001 , and references cited therein). Considering these data, we propose that, during alphavirus infection, the membrane proteins of the infecting virus particles form a pore in the endosomal membrane after fusion. The resulting flow of protons through this pore from the endosome into the cytoplasm would generate a region of low pH at the appropriate time and place to stimulate the disassembly of alphavirus cores. As indicated in the Introduction, we have analysed the mechanism of core disassembly and assembly in a number of earlier experiments. All data obtained in these experiments remain valid, but the identification of the possible role of low pH in core disassembly leads to this new proposal. The involvement of a low pH step in the disassembly of alphavirus cores does not explain why this disassembly is inhibited in alphavirus-infected cells that are superinfected 6 h post-infection, as described by Singh et al. (1997) . Further experiments will be necessary to clarify this point.
If the above hypothesis is correct, it seems likely that a low pH step is not only involved in the disassembly of SIN virus cores but that, in vivo, the proton flow into the cytoplasm would be involved in the disassembly of alphavirus cores in general. In the in vitro assay, viral cores purified by detergent treatment of virus particles and gradient centrifugation were used. It is not unlikely that the cores of some alphaviruses, such as SIN virus, remain in a native state during these procedures, whereas the cores of other alphaviruses, such as SF virus, are structurally altered and are converted into a non-reactive state. That alphavirus cores can adopt a non-reactive conformation is indicated by our finding that SIN virus cores, when treated with DMSO, are no longer susceptible to stimulation in vitro. These considerations lead to the prediction that the insertion of the membrane proteins of both SF and SIN virus particles into the target membrane during the early stages of virus infection generates a pore. Experimental evidence for the formation of these pores has been recently obtained by us (unpublished).
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